EXPERIMENTAL PROCEDURES
Proteins and Reagents -BeCl 2 was from Aldrich. NaF and AlCl 3 were obtained from Wako (Osaka, Japan). Malate dehydrogenase (porcine), proteinase K, ATP, ADP, and NADH were obtained from Roche. Calcium-depleted bovine α-lactalbumin (Type III), pyruvate kinase, lactate dehydrogenase, and hexokinase were from Sigma. Cy3-NHS (Fluorolink Cy3 monofunctional dye) was from Amersham Biosciences. GroEL, GroES and bovine mitochondrial rhodanese were purified as described (20) . GroEL purified by the procedures including gel-filtration column chromatography in the presence of methanol contained only a very small amount of contaminated proteins (< 0.1 Trp residues/GroEL 14mer). GroES labeled with Cy3 (GroES Cy3 ) was prepared as described (14) in a stoichiometry of ~ 0.7 Cy3 dye molecules per GroES 7mer. GroEL saturated with denatured rhodanese was prepared as described (21) . Briefly, 4 µM rhodanese was heat-denatured at 60 °C for 15 min in the HKM buffer (20 mM HEPES-KOH, pH 7.4, 100 mM KCl, 5 mM MgCl 2 ) containing 1 mM dithiothreitol (DTT) and 1 µM GroEL. After the heat denaturation of rhodanese, temperature was shifted down to 25 °C, and [GroEL-denatured rhodanese] complex was isolated by a 100-kDa cut ultrafiltration (Microcon YM-100, Amicon). About 2.6 mols of rhodanese were bound to mol of GroEL. Trace amount of contaminating ATP in the ADP solution was eliminated by hexokinase/glucose treatment as described (21) .
Protein concentrations were determined spectrophotometrically (14, 15) or by the Bradford protein assay (Bio-rad). Protein concentration was expressed as oligomer (GroEL, 14mer; GroES, 7mer) throughout the paper. 15 % of SDS-gels was used for electrophoresis and stained with Coomassie Brilliant Blue-R250.
ATPase assay -Release of ADP from GroEL was measured spectrophotometrically with an ATP-regenerating system as described (15) . The assay mixture contained 0.2 mM NADH, 5 mM phosphoenolpyruvate, 100 µg/ml pyruvate kinase, 100 µg/ml lactate dehydrogenase, 5 mM DTT, 10 mM NaF, 0.2 µM GroEL in HKM buffer. When indicated, 0.8 µM GroES, 4.0 µM lactalbumin reduced with 5 mM DTT for at least 1 hour (rLA) (22-25), 1.0 mM BeCl 2 were included 3 . The reaction was initiated by injection of ATP (final concentration, 1 mM) into the vigorously stirred solution. The decreases in the absorbance at 340 nm, due to oxidation of NADH, were monitored continuously with a spectrophotometer (V-550, Jasco, Japan).
GroES exchange -ATP was rapidly injected (0.5 mM final concentration) into 1.3 ml of HKM buffer containing 5 mM DTT, 10 mM NaF, 100 nM GroEL, 50 nM GroES Cy3 , 10 µM rLA in the absence or presence of BeCl 2 at 25 °C. Changes in the Cy3 fluorescence (excitation at 545 nm, emission at 563 nm) were monitored continuously with a fluorometer (F-4500, Hitachi, Japan). When indicated, unlabeled GroES (1.0 µM final concentration) was injected into the mixtures.
Gel-filtration -The solution containing 5 mM DTT, 10 mM NaF, 1 mM BeCl 2 , 1.4 µM GroEL, 5.6 µM GroES Cy3 , 10 µM rLA, and 1 mM nucleotide (ATP or ADP) in HKM buffer was incubated at 25°C for 2 min, and applied to a gel filtration HPLC column (G3000SW XL , Tosoh, Japan) equilibrated with HKM buffer containing 50 mM Na 2 SO 4 , 10 mM NaF, and 1 mM BeCl 2 . Elution was monitored by an in-line fluorometer (excitation at 545 nm, emission at 563 nm) with a flow rate of 0.5 ml/min.
The peak containing GroEL/ES complex was collected for the further analyses (see below). In some experiments, the peak fractions containing the GroEL/ES complexes were concentrated by ultrafiltration (YM-100) and then applied again to a gel-filtration column under the conditions indicated.
Quantitation of bound GroES and nucleotide ----To know the amount of the
bound GroES, the GroEL complexes isolated by gel-filtration HPLC were analyzed by SDS-PAGE. The CBB-stained bands were quantitated by a public-domain software (NIH image, USA). Determination of bound nucleotides was as follows. The isolated GroEL complexes were treated with perchloric acid (final 1.0 %) and the supernatant was neutralized with K 2 CO 3 . The supernatants were applied to a reverse-phase HPLC column (ODS-80Ts, Tosoh, Japan), which can separate ATP and ADP, with monitoring by absorbance at 260 nm (26) . Amount of nucleotide was calculated by the integrated peak area.
Electron microscopy ----The solution containing 1 mM ATP, 10 mM NaF, 1 (27) . To know the amount of GroES and the rhodanese in the folding chambers, 
RESULTS

Inhibition of GroEL ATPase turnover by BeF x -The effect of BeF x on GroEL
ATPase activity in the presence of GroES and rLA was examined. Upon addition of 1 mM BeCl 2 in the medium containing excess NaF, turnover of ATP hydrolysis by GroEL was inhibited almost completely and immediately (< 2 sec) ( Fig. 1A and inset) . Since single turnover of ATPase cycle of GroEL under these conditions takes ~8 sec, BeF x stops the action of GroEL within a single reaction cycle. AlF x was also tested but, unlike BeF x , several min were required to gain the maximum inhibition (data not shown).
Another phosphate analogue, NaVO 4 , did not show inhibitory effect on GroEL ATPase, as previously reported (18, 19) . Therefore, we focused the effect of BeF x . When BeF x concentrations in the assay mixtures were changed by varying BeCl 2 concentrations in 10 mM NaF, 30 µM BeCl 2 gave 50 % inhibition of ATPase, 100 µM BeCl 2 90 % and 250 µM BeCl 2 99 %. Accordingly, we adopted 1 mM BeF x in the following experiments to ensure the maximum inhibition. Above measurements were carried out for
GroEL+rLA+GroES but ATPase activity of GroEL+rLA or GroEL alone was also severely inhibited by BeF x (Fig. 1B) . Alternative ATPase assay using inorganic phosphate determination (Malachite Green assay) also gave indistinguishable results (data not shown).
Stable binding of GroES to GroEL in BeF x -The fluorescently labeled
GroES Cy3 is functionally intact and the fluorescence increases upon binding to GroEL (14) . The addition of ATP to the mixture of GroEL, GroES Cy3 and rLA initiated the functional chaperonin cycle and induced the increase of the fluorescence of GroES Cy3
( Fig. 2A) . Dilution of GroES Cy3 by addition of large excess of unlabeled GroES resulted in decrease of fluorescence, indicating exchange of GroEL-bound GroES Cy3 with unlabeled free GroES. In the presence of BeF x , however, the fluorescence was not changed by addition of unlabeled GroES (Fig. 2B ). Therefore, BeF x inhibits the functional cycling of GroEL by preventing release of GroES from GroEL.
GroEL/ES complexes formed in BeF x -To analyze the GroEL/ES complex
formed in BeF x , we incubated GroEL, rLA, ATP and GroES Cy3 for 2 min, added BeF x , incubated for 2 min, subjected to gel-filtration HPLC, and eluted with the BeF xcontaining buffer. The GroES Cy3 eluted at the position of the GroEL shown by an arrow represents the GroEL/ES Cy3 complex (Fig. 3A) . The amount of GroES Cy3 in the complex was calculated to be ~1.8 mol per mol GroEL based on the fraction in the total eluted fluorescence. When ADP was included instead of ATP in the incubation mixture, ~0.9 mol of GroES Cy3 per mol GroEL were co-eluted with GroEL (Fig. 3A) . The stability of the GroEL/ES Cy3 complex formed in ATP+BeF x was dependent on the presence of BeF x in the medium because, when the peak fraction of GroEL/ES Cy3 complex was applied to a second gel-filtration column and eluted with the buffer that did not contain BeF x , about half of GroES Cy3 was dissociated from GroEL during elution, leaving the complex with ~0.9 mol GroES Cy3 per mol GroEL (Fig. 3B) . The released GroES Cy3 was eluted as long tailing of the major peak but not an isolated peak, indicating that dissociation occurred gradually in BeF x -free buffer. The complex made in ADP+BeF x was stable; it was not dissociated during the elution with the BeF x -free buffer (data not shown). When BeF x was absent in both the reaction mixtures and the elution buffer, ATP and ADP gave similar results; ~0.3 mol of GroES Cy3 per mol GroEL were found at the position of GroEL (Fig. 3C) . 
Analysis of the GroEL/ES complexes formed in
Electron micrograph of the GroEL/ES complexes formed in BeF x -We
observed images of the complexes formed in ATP+BeF x under electron micrograph.
Complexes formed in ATP+BeF x showed symmetrical football-like shapes; GroES associated to both ends of GroEL (Fig. 4) . On the contrary, bullet-like shapes with GroES associated to one end of GroEL were seen for the complexes formed in (Fig. 5A) . In this case, unfolded rhodanese was repeatedly encapsulated into (and escape from) the cis-cavity during multiple turnover of chaperonin functional cycle (31) (32) (33) . In the presence of BeF x , 1.9 mols of rhodanese were folded. We also examined the folding of rhodanese in ADP±BeF x . It should be noted that, with taking special precautions to remove contaminating ATP from commercial ADP (21) , no recovery of rhodanese activity was observed in ADP.
However, when BeF x was present, 1.1 mols rhodanese per mol GroEL were folded in ADP. In these folding experiments, the final folding yields were different each other but the folding rates were nearly the same, reflecting inherent folding characteristics of rhodanese. We also examined folding of another stringent substrate protein, malate dehydrogenase (34, 35) . Consistent with the results of rhodanese, activity recovered in GroEL/ES complex generated in ADP+BeF x contains one. These substrate proteins are assumed to be encapsulated in the folding chambers underneath GroES and allowed to fold. Next, we further confirmed this assumption.
Accessibility of Protease -The mixtures incubated for 60 min as in Fig. 5A were subjected to ultrafiltration to remove free GroES, treated with proteinase K, and again subjected to ultrafiltration to remove proteinase K and digestion products. The resultant solutions were used for SDS-PAGE analysis and for rhodanese activity assay.
Densitometry of the bands in Fig. 5B showed that the complexes generated in ATP+BeF x and ADP+BeF x contained 1.9 and 1.4 mols of proteinase K-resistant rhodanese per mol GroEL, respectively (Table I) . Also, the rhodanese activity roughly corresponding to the amount of rhodanese in SDS-PAGE was detected (Fig. 5C ).
Without BeF x , a rhodanese band in SDS-PAGE and rhodanese activity was not detected in the complexes generated in ATP or ADP. The reasons why no rhodanese was recovered in the absence of BeF x are explained as follows: With the ATP present in the absence of BeF x , folding of rhodanese was assisted by GroEL/ES and released to bulk solution, and thus removed in the ultrafiltration process. Whereas, with the ADP present in the absence of BeF x , rhodanese was bound to GroEL but no or little GroES bound to the rhodanese-bound GroEL ring under the condition, the nonnative rhodanese was susceptible to proteolytic digestion. The 1:2 and 1:1 GroEL:GroES molar ratios for the complexes made in ATP+BeF x and ADP+BeF x , respectively, were also seen in Fig. 5B .
These results showed clearly that rhodanese molecules in these complexes after the protease treatment were really accommodated in the folding chambers but not associated to the trans-ring or peripheral surface of GroEL. 
GroES
Release of GroES Cy3 from the 1:2 GroEL/(ES+ES Cy3 ) complex -Taking
advantage of the isolation of the 1:2 GroEL/(ES+ES Cy3 ) complex, we tested whether the secondary bound GroES Cy3 in the complex is equivalent to the previously bound GroES.
To address the question, we applied the 1:2 GroEL/(ES+ES Cy3 ) complex to a gelfiltration column eluted in the absence of BeF x where the 1:2 GroEL/ES complex should release one of two GroES to produce the 1:1 GroEL/ES complex (Fig. 3B) . If the secondary bound GroES Cy3 is preferentially released, all of the GroES Cy3 should be eluted as unbound GroES Cy3 leaving non-fluorescent 1:1 GroEL/ES complex. However, this was not the case; half of GroES Cy3 remained associated with GroEL and another half was eluted as unbound GroES Cy3 (Fig. 6B, trace 2) . As expected, with BeF x in the elution buffer, the original 1:2 GroEL/ES+ES Cy3 complex was recovered, and with CDTA in the elution buffer, all the GroES Cy3 was released from GroEL ( Fig. 6B, trace 1   and 3 ). These results demonstrate that the two GroES heptamers in the 1:2 GroEL/ES complex are equivalent.
DISCUSSION
The results of this study are summarized in Fig. 7 Indeed, recent X-ray crystallography of the 1:1 GroEL/ES formed in AlF x showed that AlF 3 is coordinated to ADP at each of the catalytic sites in the cis-ring of the complex (19) . X-ray crystallography, as well as X-ray scattering analysis, also suggested that the 1:1 GroEL/ES complexes formed in metal fluorides resemble the usual 1:1 GroEL/ES complex formed in the absence of metal fluorides (18, 19) . We recently reported that ADP with minimum ATP contamination can mediate the binding of GroES to the substrate protein-free GroEL but not to the substrate protein-loaded GroEL (21).
Previously-reported cis-folding supported by ADP is most likely due to the trace amount of ATP contained in or generated from ADP. However, in BeF x , authentic ADP can promote GroES binding to the substrate protein-loaded GroEL to generate the cis ternary complex in which folding can proceed efficiently (Fig. 5) . It has been known that ATP binding, but not hydrolysis, is required for the step (i), cis-ternary complex formation, since a slow ATP-hydrolysis mutant GroEL (D398A) can generate a similar 1:1 GroEL/ES complex when ATP is provided (12) . In this context, ADP·BeF x , but not ADP alone, can substitute ATP in the cis-ternary complex formation (Table II) .
If nucleotides at the cis-ring are unhydrolyzed ATP, step (ii) trans-ring activation does not occur even when medium ATP is present (12) . It occurs when nucleotides at the cis-ring are ADP. However, the 1:1 GroEL/ES complex with ADP·BeF x in the cis-ring can undergo step (ii) when ATP is available (Fig. 6A) . Thus, it appears that ATP hydrolysis of cis-ATP complex is prerequisite for the trans-ring Other experimental conditions are described in Experimental Procedures. 
